ics have been interpreted as manifestations of dysfunctional neural connections between subcortical and cortical areas, or of defective brain structures. [5] [6] [7] Gupta et al made the point that neurological abnormalities in schizophrenic patients may be present independently of side effects of medication, but that antipsychotics do contribute to their prevalence. 5 
Motor disturbances and subjective well-being
In schizophrenia, the subjective well-being of the patients may not only be affected by the disabling symptoms of the disorder, but also by side effects of the antipsychotic treatment. Antipsychotic treatment has been associated with a variety of motor side effects, as well as affective, cognitive, and social impairments, which can reduce quality of life. [8] [9] [10] [11] [12] Motor disturbances are associated with a substantial reduction in the patient's quality of life and in compliance with the treatment. Van Putten found a significant relationship of noncompliance with motor side effects, particularly with akathisia. 13 In this context, we assessed the correlations of subjective well-being with objectively measured gait parameters, expert-rated motor disturbances, and psychopathological status in conventionally treated, atypically treated, and drug-naïve patients. 14 The main variables were the SWN (Subjective Well-being under Neuroleptic Treatment Scale) scores, 15 the ESRS (Extrapyramidal Rating Scale) scores, 16 and the PANSS (Positive and Negative Syndrome Scale) scores. 17 The SWN is a 20-item self-rating scale, consisting of five subscales: emotional regulation, self-control, mental functioning, social integration, and physical functioning. It does not require patients' distinction between pharmacogenic and morbogenic components. Spatial and temporal parameters of gait were measured by using an ultrasonic system for gait analysis. The study revealed three major results: first, in conventionally treated patients, the SWN total score significantly correlated with stride length (R 2 =0.39; P<0.01), whereas in atypically treated and drug-naïve patients it significantly correlated with the PANSS score (atypically treated: R 2 =0.25, P<0.05; drug-naïve: R 2 =0.64, P<0.01), mainly due to the correlations with the "negative symptoms" and the "general psychopathology" subscores. Second, correlations with stride length were significant, not only in the "physical functioning" subscore of the SWN, but also in all other subscores. And third, correlations of the SWN scores with ESRS scores were weak. Consequently, these results suggest that, under conventional antipsychotic treatment, subjective well-being particularly depends on motor side effects, whereas in atypically treated and drug-naïve schizophrenic patients it is mainly influenced by the psychopathological status. Additionally, motor adverse effects of antipsychotic treatment can not be considered as isolated physical side effects, but have severe implications for other aspects of the patients' well-being. The results also suggest that objectively measured parameters of motor performance represent the influences of motor disturbances on subjective well-being much more closely than the expert rating, the ESRS. Thus, the use of quantitative methods in the assessment of motor disturbances of schizophrenic patients might be very useful and promising.
How can motor disturbances be measured?
Most studies on psychomotor performance in schizophrenic patients have restricted their work to the assessment of motor disturbances by using clinical ratings, such as the ESRS, 16 the Abnormal Involuntary Movement Scale (AIMS), 18 the Barnes Akathisia Scale (BAS), 19 and others. Almost all clinical trials on antipsychotic treatment have used one or more of these clinical ratings for the detection of motor side effects. More specific studies on psychomotor disturbances in schizophrenic patients additionally used clinical observations and ratings of the performance of special motor tasks. For example, a common test for subtle psychomotor disturbances and disturbed motor coordination in schizophrenic patients is the performance of diadochokinetic movements.This is tested by asking the patient to alternate between pronation and supination of the hand. Motor disturbances in schizophrenic patients can also be detected by analyzing the patient's handwriting, as shown by Haase as early as the 1950s in his tests of the effects of neuroleptic treatment on writing. 20 Some authors have observed clinical pictures of gait disturbances in schizophrenic patients. However, despite the high frequency of dysfunctional C l i n i c a l r e s e a r c h motor performance in schizophrenic patients, very few studies have attempted to quantify these disturbances by using an objective method. 21, 22 The lack of studies on quantitatively measured spatial and temporal parameters of motor performance in schizophrenic patients is mirrored by the lack of knowledge on the pathogenesis of motor disturbances in psychiatric diseases in general. In this context, we introduced a three-dimensional ultrasonic movement analysis system into our investigations on psychiatric disorders.
Three-dimensional ultrasonic movement analysis
In our studies, spatial and temporal parameters were assessed with the Zebris CMS70P; MA70P3 system (Zebris Medical Systems, Tübingen, Germany). This three-dimensional movement analysis system can be flexibly used in the assessment of spatial and temporal parameters of various movements. We used it mainly for the analysis of gait and hand movements. The system is based on an ultrasonic movement analysis system that continuously calculates the three-dimensional spatial positions of tiny markers (diameter 0.8 mm) which are attached to precisely defined positions on moving body parts. The ultrasonic system evaluates transmission times of ultrasound impulses (40 kHz), emitted from these markers and received by three microphones mounted on a stationary frame. Thus, a local coordinate system is determined, and three-dimensional coordinates of the markers can be derived by triangulation (Figure 1 ). By this technique, the spatial positions of the markers are sampled at a frequency of up to 100 Hz, which corresponds a temporal resolution of 10 ms. The spatial resolution of the system is less than 0.6 mm. Many spatial and temporal motor parameters can be computed by using special software packages. Excellent reproducibility and accuracy of the device has been demonstrated in several studies.
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Analysis of gait disturbances in patients
By using this system, we assessed the locomotor patterns of gait in schizophrenic patients and differentiated intrinsic effects of the illness from those caused by conventional and atypical neuroleptic treatment. 25 Gait parameters of 16 drug-naïve, 25 conventionally treated (haloperidol: n=17, mean dose 6.4 +/-standard deviation [SD] 3.4 mg/day; fluphenazine: n=5, 11.2 +/-SD 7.7 mg/day; flupentixol: n=3, 6.7 +/-SD 2.9 mg/day) and 25 atypically treated patients (olanzapine: n=20, mean dose 16.2 +/-SD 6.3 mg/day; amisulpride: n=5; 560 +/-SD 89 mg/day), as well as 25 control subjects, were evaluated. Differences in gait velocity and in stride length between the four investigated groups were highly significant (analysis of variance [ANOVA]: P<0.001). Mean gait velocities of all patient groups were significantly slower than those of controls, with the most striking difference observed between the control group and patients treated with conventional neuroleptics (P<0.001). Amongst the patient groups, significant differences were detected between patients treated with conventional neuroleptics, and both patients treated with atypical neuroleptics and drug-naïve patients (P<0.05), but not between untreated and atypically treated patients. In all patient groups the reduction in gait velocity was due to a smaller mean stride length, while the cadence (steps per minute) was not changed. These results indicate that schizophrenia causes a primary disturbance of stride length regulation. Conventional antipsychotic treatment intensifies this deficit, whereas atypical antipsychotic treatment does not cause any additional gait disturbances. In contrast to the spatial parameters, the temporal structure of schizophrenic gait is not affected either by antipsychotic treatment or schizophrenia itself. In this study, gait parameters of 14 drug-naive schizophrenic patients, 14 patients treated with conventional antipsychotics (haloperidol: n=10, mean dose 6.7 +/-SD 3.5 mg/day; fluphenazine: n=4, 13.0 +/-SD 6.78 mg/day) 14 patients treated with olanzapine (17.7 +/-SD 5.7 mg/day), as well as 14 matched controls, were assessed on a walkway and on a treadmill at three different velocities (very slow, intermediately slow, and comfortable).
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In Parkinson's disease (PD) studies indicate that conditions involving the use of exteroceptive information may facilitate movement. Although PD patients typically walk with smaller steps, they achieved the desired stride amplitude when provided with external cues while walking on a treadmill. 27 External stimulation is supposed to lead to an activation of a correct stepping response by triggering the use of nonaffected brain areas. Parallel to the results of the abovementioned study on free gait, in this study all patients showed a significantly decreased gait velocity, predominantly due to a shorter stride length, when compared with the controls. The most striking difference could be observed between the patients treated with conventional neuroleptics and the controls (ANOVA: P≤ 0.001). Cadence (steps per second) did not differ between the investigated groups. When gait was evaluated on the treadmill, differences in stride length and cadence were significant only at the very slow treadmill velocity (ANOVA: P≤ 0.05). In all patient groups, mean stride length was decreased and cadence compensationally increased. Significant differences between the patient groups were no longer detectable. With increasing treadmill velocities, gait parameters of all patient groups were totally normalized. The results show that, as in patients with PD, impaired gait parameters can also be normalized in schizophrenic patients by external stimulation via treadmill walking, but only at normal gait velocities, not at slow gait velocities.
Analysis of diadochokinetic hand movements
This study assessed the impact of schizophrenia and of antipsychotic treatment on diadochokinesia in 20 drugnaïve patients, 20 patients conventionally treated with antipsychotics (haloperidol: n=13, mean dose 7.6 +/-SD 3.6 mg/day; fluphenazine: n=7, 6.7 +/-SD 3.2 mg/day), and 20 atypically treated (olanzapine: 16.8 +/-SD 6.4 mg/day) patients, as well as in 20 healthy controls. 28 The study revealed that amplitude and peak velocity of diadochokinetic hand movements were significantly reduced in all patient groups compared with the controls, while frequency of the repetitive movement remained unaffected. The reduction was most pronounced in the conventionally treated patients. In addition, peak acceleration and movement automation were impaired, but only on conventional antipsychotic treatment.
Effects of an attentional strategy
The study also tested the influences of disorder and medication on motor enhancement as induced by an attentional strategy. First, the patients were asked to perform the movement "as quickly as possible." In this instruction there was no reference to the amplitude. Patients were then asked to perform the movement "as quickly as possible, but now with the widest possible amplitude." Thus, the patient's attention was drawn to the production of a maximal amplitude. The background for this experiment is that in patients with Parkinson's disease the use of such an attentional strategy leads to a normalization of the disturbed movement parameters. The analysis of the enhancing effect of an attentional strategy on diadochokinesia showed that patients in all groups were able to increase the amplitude, if they were instructed to do so. Yet, the degree to which the amplitude was increased was much smaller in the two patient groups under antipsychotic treatment compared with both the drug-naïve patients and the controls. This result reveals a different enhancing effect under neuroleptic treatment, but does not confirm the hypothesis that an attentional strategy can normalize disturbed motor performance in schizophrenic patients, as has been derived from the observations in PD patients.
Discussion of the results and underlying pathophysiological mechanisms
Summarizing the results of these studies on motor disturbances in schizophrenic patients, we can state that:
• Motor disturbances severely impair the patient's wellbeing, and the degree of impairment is represented much more closely by objectively measured parameters than by expert ratings of motor performance.
• Drug-naive patients suffer from a primary motor deficit with predominantly disturbed spatial parameters: gait C l i n i c a l r e s e a r c h velocity is reduced by a decrease in stride length, whereas cadence (frequency) is normal, diadochokinetic amplitude is decreased, and peak velocity and regularity are hampered, whilst frequency again is not influenced.
• Conventional antipsychotic treatment regularly worsens these specific primary deficits, whereas the effects of atypical antipsychotic treatment are less pronounced.
• Disturbed motor performance can be normalized by external sensory stimuli, but-in contrast to PD patients-only when no major attentional processes are required.
• Disturbed motor performance can be enhanced by an attentional strategy, but-again in contrast to PD patients-not to the extent that motor parameters are normalized. The enhancement of movement amplitudes is much less pronounced in patients receiving antipsychotic medication. The pathophysiological mechanism underlying the decrease in movement amplitude has not yet been elucidated, either in PD or in schizophrenia. A fundamental hypothesis explaining hypokinesia in PD states that, due to overactivity of inhibitory projections from the basal ganglia to the thalamus, thalamocortical projections fail to facilitate the motor-related cortical areas such as the supplementary motor area (SMA), cingulate motor areas (CMA), and premotor cortex (PMC) (Figure 2 ). 29 Hypofunctioning of the SMA in PD patients during movements has been demonstrated by studies using functional magnetic resonance imaging (fMRI). 30 The basal ganglia-SMA motor system, which regulates the elaboration of internally driven motor sequences, may be responsible for the adequate scaling of motor activity in normal movement. PD patients fail in this process because of the basal ganglia-SMA dysfunction. 31 fMRI studies on motor activation in schizophrenic patients have also revealed decreased activation of the SMA. 7, 32, 33 Thus, reduction in SMA activity during motor tasks seems to be a common characteristic in PD and schizophrenia. Reduced SMA activity could be caused by disturbed functioning, either of the cortico-cortical circuit via the basal ganglia and the thalamus, or of the cortico-cerebellar-thalamic-cortical circuit (CCTCC). Both defects would lead to a deficient thalamic output toward the SMA. Evidence from various research methodologies supports the suggestion that a disordered function of neural circuits containing the basal ganglia and the thalamus has a role in the pathophysiology of schizophrenia. 34, 35 Studies have revealed a disturbed basal ganglia output in schizophrenic patients who were treated with antipsychotic medication. [36] [37] [38] Additionally, dysfunction of the CCTCC leading to poorly coordinated mental activity and altered excitability of the motor cortex have been demonstrated in untreated schizophrenic patients. 39, 40 Problems with the regularity and smoothness of the movement might also be caused by basal ganglia dysfunction, but they are more likely to be caused by deficiencies in monitoring and optimization of movement by the use of sensory feedback information.As the cerebellum is mainly involved in these processes, cerebellar dysfunctions in schizophrenic patients could also contribute to the observed disturbances in regularity and smoothness. In PD, hypokinesia may improve under exposure to sensory or emotional stimuli. Many studies have demonstrated that PD patients can use diverse external cues or attentional strategies to enhance motor performance. 27, 41 Our results indicate that the normalizing effect of external sensory stimuli on motor parameters in schizophrenic patients is similar to that in PD patients, whereas the effect of attentional stimuli is much less pronounced. The pathophysiological basis for this finding remains unclear. According to cerebral blood flow studies, activity in the PMC and SMA is elevated in patients with PD when external cues or attentional strategies are used to enhance motor performance. 42 It is hypothesized that in PD patients external cues and attentional strategies enable the PMC and SMA to better compensate for defective motor control mechanisms in the basal ganglia. The lateral PMC is preferentially active during externally cued movements, as opposed to non-cued movements, 43 and PMC and parietal overactivity has been reported in PD patients during the performance of sensory-cued motor tasks. 44 Hanakawa et al showed enhanced activation in the right lateral PMC in PD patients while walking on a treadmill. They concluded that a brain circuit including posterior parietal cortex, cerebellum, and lateral PMC plays a key role in the development of the paradoxically enhanced gait induced by external stimuli in PD patients. The authors suggested that utilization of nonaffected brain areas is a compensatory mechanism for basal ganglia dysfunction in movement activation. 45 In our study, we also observed a compensation for the impairment of stride-length regulation under external stimulation via treadmill walking in all patient groups. As in PD, external stimuli could enable the PMC and SMA to better compensate for deficiencies in thalamo-cortical output, caused either by antidopaminergic effects of antipsychotic treatment or by a primary pathophysiological condition of schizophrenia. In contrast to the effects of external sensory stimuli on gait, we could not demonstrate a normalization of diadochokinetic movements under the use of an attentional strategy. This contrasts with the findings in PD patients. The reason for the different enhancing effects of sensory stimuli and attentional strategies in schizophrenic patients is unclear. One possible explanation for the variation of the enhancing effects of treadmill walking at the various velocities could be found in the varying degrees of gait automation at the three tested gait velocities. Slow and very slow gaits are poorly automated-especially when performed on the treadmill-and require marked cognitive processes, whereas gait at normal velocity is highly automated. Thus, cognitive deficits in schizophrenic patients could lead to additional deficits in the generation of optimal gait patterns. These cognitive deficits could also be the reason for the failure of attentional strategies to normalize disturbed motor parameters in schizophrenic patients, as has been observed in our study on diadochokinetic movements. This suggests that the pathophysiological processes underlying motor disturbances in schizophrenic patients are much more widespread than in PD patients, and also involve-in addition to the basal ganglia-cerebellar, frontal, and prefrontal structures.
In conclusion, the studies show that quantitative analyses of motor disturbances can provide objective data on primary motor disturbances in schizophrenic patients, as well as on motor side effects of various antipsychotic treatment options.Thus, they can provide further insight in the pathophysiological conditions of schizophrenia and of adverse effects of antipsychotic treatment. Investigations of the effects of enhancing strategies and the combination of quantitative movement analysis with other methods, such as genetic or functional imaging studies, could further contribute to the identification of mechanisms underlying motor disturbances in schizophrenia. ❏ C l i n i c a l r e s e a r c h
